Neurological disorders affect millions of people worldwide and appear to be on the rise. Whereas the reason for this increase remains unknown, environmental factors are a suspected contributor. Hence, there is an urgent need to develop more complex, biologically relevant, and predictive in vitro assays to screen larger sets of compounds with the potential for neurotoxicity. Here, we employed a human induced pluripotent stem cell (iPSC)-based 3D neural platform composed of mature cortical neurons and astrocytes as a model for this purpose. The iPSC-derived human 3D cortical neuron/astrocyte co-cultures (3D neural cultures) present spontaneous synchronized, readily detectable calcium oscillations. This advanced neural platform was optimized for high-throughput screening in 384-well plates and displays highly consistent, functional performance across different wells and plates. Characterization of oscillation profiles in 3D neural cultures was performed through multi-parametric analysis that included the calcium oscillation rate and peak width, amplitude, and waveform irregularities. Cellular and mitochondrial toxicity were assessed by high-content imaging. For assay characterization, we used a set of neuromodulators with known mechanisms of action. We then explored the neurotoxic profile of a library of 87 compounds that included pharmaceutical drugs, pesticides, flame retardants, and other chemicals. Our results demonstrated that 57% of the tested compounds exhibited effects in the assay. The compounds were then ranked according to their effective concentrations based on in vitro activity. Our results show that a human iPSC-derived 3D neural culture assay platform is a promising biologically relevant tool to assess the neurotoxic potential of drugs and environmental toxicants.
This article is published as part of the NTP Neurotoxicology Screening Strategies Initiative.
There is an increasing need for more predictive in vitro models to test compounds for their toxicological effects on the central nervous system (CNS) (Judson et al., 2009a) . In addition, neurotoxicity is a major reason for attrition in the final stages of a drug development pipeline (Jordan and Wilson, 2004; Wijdicks, 2001) . Current approaches for neurotoxic evaluation of chemicals rely mostly on animal models, which have limitations related to throughput, cost, and translatability to human CNS. Therefore, many incentives exist to facilitate the development of a more relevant human toxicological screening platform with improved in vitro predictability (Betts, 2013; Marchan et al., 2013; Tice et al., 2013) . Morphological neurite outgrowth assays were previously used to explore the ability of compounds to adversely affect the developing nervous system (Harrill et al., 2013; Radio and Mundy, 2008; Ryan et al., 2016; Sirenko et al., 2016) . Multi-electrode arrays (MEAs) have also been utilized for neurotoxicity evaluation (Frank et al., 2017; Valdivia et al., 2014) . Finally, it has been shown that changes in intracellular calcium levels can be used as an important biomarker to investigate the effects of compounds on network physiology (Cohen et al., 2008; Dravid and Murray, 2004; Kuijlaars et al., 2016) . Calcium oscillations are dependent on an influx of extracellular calcium through L-type voltage-gated calcium channels, the rising phase of each calcium spike is coincident with a brief burst of action potentials (Robinson et al., 1993; Wang and Gruenstein, 1997) . Intracellular calcium levels can be used as a screening tool to evaluate neurotoxic effects of compounds, including seizurogenic effects (Cao et al., 2012; Smetters et al., 1999; Wang and Gruenstein, 1997; Wong, 1998) , as well as for testing antiepileptic drugs (Pacico and Mingorance-Le Meur, 2014) . Calcium imaging has also been useful in revealing properties of the activity of neural networks in vitro, albeit in a different way than the MEA. Whereas MEAs measure the field potential activity of the cells, calcium imaging measures changes in intracellular calcium levels that correlate with the action potential (Shew et al., 2010; Wong, 1998) . Importantly, the calcium assay can be fully automated in a high-throughput fashion, making it useful for neurotoxicity screenings, target validation, or phenotypic drug screenings.
In this study, we describe phenotypic assays for toxicity assessment using human iPSC-derived 3D neural cultures. The 3D culture of human iPSC-derived neural cells is composed of cortical glutamatergic and GABAergic neurons and astrocytes from a single donor source. There has been growing interest in using 3D cell models containing multiple cell types for studying complex biology and tissue architecture (Camp et al., 2015; Chang and Hughes-Fulford, 2009; Lancaster and Knoblich, 2014; Luo et al., 2016; Ramsden et al., 2014; Renner et al., 2017) due to the ability of cell aggregates to organize and more closely recapitulate key aspects of the human tissue (Hartley and Brennand 2016; Jorfi et al, 2018; Hendriks et al., 2012; Kelm and Fussenegger, 2004) . Importantly, the in vitro model described in this manuscript enables detection of consistent spontaneous calcium oscillations and can be used in high-throughput multiwell format for screening of potential hazardous effects of chemicals.
We characterized phenotypic responses to various compounds by monitoring the impact on the frequency and pattern of the spontaneous calcium oscillations. In parallel, high content confocal imaging of the spheroids was used to characterize cellular viability in response to compound treatment. The method was optimized for a high-throughput format (384-well).
First, we characterized the method and evaluated the cellular responses to a set of compounds including 10 wellcharacterized neuroactive agents and 22 reported neurotoxic substances. To test the feasibility of this approach to identify and prioritize chemicals according to their relative neurotoxicity, we next screened a diverse selection of 87 chemicals that contain representative examples of compounds from various environmentally relevant and potentially neurotoxic groups, including pesticides (Shafer and Meyer, 2004; Soderlund et al., 2002) , brominated and organophosphorus flame retardants (Dingemans et al., 2011; Hendriks and Westerink, 2015) , and polycyclic aromatic hydrocarbons (PAHs) (Kaufman et al., 1992; Zafiropoulos et al., 2014; Zhang et al., 2013) . Using techniques previously developed to characterize alterations in spontaneous calcium oscillations (Grimm et al., 2015; Sirenko et al., 2017) , we applied a multi-parametric quantification approach to evaluate concentration-dependent effects of these diverse chemicals on neuronal physiology. Finally, quantitative concentrationresponse assessments of various kinetic and image-based phenotypes provided benchmark concentrations (BMCs) that were utilized as measures of toxicity for bioactivity profiling and compound ranking.
MATERIALS AND METHODS
Human iPSC-derived 3D cortical neuron/astrocyte co-cultures. Preplated 3D human cortical neural co-cultures were obtained from StemoniX, Inc in the form of the StemoniX microBrain 3D Assay Ready 384-Plate product (StemoniX No. BSARX-AA-0384, Maple Grove, Minnesota). The product is delivered as ready-touse 3D neural cultures in a 384-well format, shipped at room temperature. Upon arrival, media change was performed according to manufacturer's instructions (described in detail in the Cell culture section). Each well of the plate contains a single, free-floating human iPSC-derived cortical 3D neural culture generated from Neural Progenitor Cells (NPCs) obtained from a single human donor source.
Chemicals. Hoechst 33342, MitoTracker Orange, and Calcein AM Green were purchased from Invitrogen (Carlsbad, California). FLIPR Calcium 6 Dye was from Molecular Devices (San Jose, California). All other compounds, with the exception of the Chemical Library, were purchased from Sigma Co (St. Louis, Missouri) or Tocris Bioscience Co (Bristol, U.K.).
Chemical library. The compound library used in this study comprised 87 unique chemicals provided by the National Toxicology Program. The compound set was selected to reflect a diversity of chemicals from various classes, including pharmaceutical drugs (n ¼ 19), pesticides (n ¼ 16), flame retardants (n ¼ 15), and PAHs (PAHs, n ¼ 17). Several metals (lead, mercury) and other categories of chemicals (eg, acrylamide, bisphenol) that could be categorized as 'industrial' were also included in the library (n ¼ 15). The library contains four compounds (deltamethrin, triphenyl phosphate, methyl mercuric(II) chloride, saccharin) in duplicate for a total of 91 compounds tested. Assay-specific positive neurotoxic (methyl mercury, berberine chloride) and nontoxic (saccharin, D-glucitol, acetaminophen, acetylsalicylic acid, L-ascorbic acid) substances were included in the library. The list of compounds is shown in Supplementary Table 1. Additional information regarding the NTP chemical library can be found in Behl et al. (in preparation) . 20 mM stock solutions of all chemicals were prepared in cell-culture grade dimethyl sulfoxide (DMSO, Sigma Co) and stored at À20 C; few compounds had different stock concentrations due to solubility limitations (see Supplementary Table 1 ). Vehicle controls (n ¼ 20; DMSO concentration 0.15%) and untreated controls were included on each assay plate and were used for normalization of plate-specific phenotypic readouts.
Cell culture. microBrain 3D Assay Ready 384-Well plates were shipped overnight at ambient conditions. Upon receipt, plates were processed according to detailed manufacturer's instruction included with the product. Briefly, after unpacking, plates were centrifuged for 10 min at 200 rcf (Sorvall centrifuge) and then inspected using a light microscope to ensure the presence of a single spheroid in each well, and plate exteriors were decontaminated with 70% ethanol. After unsealing, the medium was changed ( 1 =2 volume, 3 times) using BrainPhys Neuronal Medium SM1 Kit (StemCell Technologies, No. 05792, Vancouver, BC, Canada) supplemented with 20 ng/ml of recombinant human BDNF (StemCell Technologies, No. 78005) , 20 ng/ml of GDNF (StemCell Technologies, No. 78058) , and 1X PenicillinStreptomycin (GE Healthcare Life Sciences). Finally, plates were placed into the incubator (37 C) for 7 days. Half media changes were performed every second day using the BrainPhys Neuronal Medium SM1 Kit with BDNF, GDNF, and PenicillinStreptomycin. Compound treatments were performed at multiple time points using replacement of 1 =2 volume of media containing compounds. The final concentration of DMSO was 0.15%, except for the 100 lM concentration, which contained 0.5% DMSO.
Characterization of gene expression. RNA from 3D neural cultures was extracted using the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) following the manufacturer's recommendations. RNA was suspended in 50 ll of RNase-free water. For each sample, concentration and A 260 /A 280 ratio were determined (all samples had ratios equal to or more than 1.8). As a positive control we used the FirstChoice Human Brain Total RNA (Thermo Fisher Scientific, Waltham, Massachusetts). As a negative control we extracted RNA from the undifferentiated human iPSC line used to generate the 3D neural cultures (StemoniX). Briefly, source iPSCs were grown in mTeSR media (StemCell Technologies) and passaged manually at 80% confluence to Matrigel (Corning) coated dishes (RNA was extracted using the RNeasy kit method described above). RT 2 Profiler PCR Arrays (Qiagen) for neurotransmitter receptors (PAHS-060Z) and neuronal ion channels (PAHS-036Z) were used to characterize the neuronal profile of the 3D neural cultures. A total of 500 ng of RNA was used per sample for cDNA synthesis. All reactions for the qPCR were done following the manufacturer's recommendations. Gene expression analysis was done using the Data Analysis Center from Qiagen. Briefly, we used geometric mean normalization with the 5 housekeeping genes present on the PCR array to calculate the DDC T . For each gene, fold change was calculated using the formula: Fold change ¼ 2 (ÀDDCT) .
Calcium oscillation assay. The intracellular Ca 2þ oscillations in 3D neural cultures were assessed using the FLIPR Calcium 6 Kit (Molecular Devices LLC, San Jose, California) as described previously in Grimm et al. (2015) and Sirenko et al. (2013b) . Calcium dye interacts with intracellular calcium and fluorescence changes according to increased or decreased calcium concentration. Kinetics of intracellular Ca 2þ oscillations were determined as fluorescence intensity at 515-575 nm following excitation at 470-495 nm for 10 min at a frequency of 3 Hz using the FLIPR Tetra High-Throughput Cellular Screening System (Molecular Devices LLC). The exposure time per read was 0.4 s, the gain was set to 2000, and the excitation intensity was set to 30%. The instrument temperature was kept at a constant 37 C.
For acute exposure to compounds, cells were pre-loaded with Calcium 6 Dye for 2 h prior to compound addition. Baseline for calcium oscillations without compounds was measured prior to compound addition. Then compounds were added, and effects on calcium oscillations were measured after 60 min of exposure. For 24 h or 72 h exposure experiments, cells were exposed to chemicals at appropriate concentrations for 22 or 70 h prior to the addition of the Ca 2þ -reagent; the Calcium 6 Dye (4Â concentration) was added for an additional 2 h, with the extra addition of compounds to compensate for the volume change. For quantitative data evaluation, representative descriptors, such as peak count (per 10 min), average peak amplitude, average peak width (at 10% amplitude), average peak spacing (time between peaks), average peak rise time (from 10% to 90% amplitude), and average peak decay time (from 90% to 10% amplitude), were automatically derived using the ScreenWorks Peak Pro (4.2) software package (Molecular Devices LLC Immunostaining. To analyze the spheroid cellular content, 3D neural cultures were fixed with 4% Paraformaldehyde (PFA) solution in PBS for 20 min followed by washing 5 times in halfvolume with PBS to remove residual PFA. The cells were permeabilized with 0.2% Triton X-100 diluted in Odyssey Blocking Buffer (Li-Cor, Lincoln, Nebraska) for 15 min at room temperature. After discarding the permeabilization solution, the spheroids were then incubated with Odyssey Blocking Buffer for 4 h before addition of antibody. Three-dimensional neural cultures were incubated with primary antibodies diluted (1:1000) in Odyssey Blocking Buffer for 16 hr at 4 C under gentle agitation.
After primary antibody incubation, spheroids were washed 8 times with 0.1% Tween-20 diluted in PBS. AlexaFluor secondary antibodies were diluted 1:500 in Odyssey Blocking Buffer and added to the spheroids. Hoechst nuclear dye was also added (1 mM). After incubating 1 h at room temperature, cells were washed 8 times with 0.1% Tween-20 diluted in PBS. The final wash was performed with PBS without Tween-20, and spheroids were imaged using the ImageXpress Micro Confocal High-Content Imaging System (Molecular Devices LLC).
3D imaging and analysis. For viability readouts, spheroids were stained and imaged live by adding 2Â solution of Hoechst, Calcein AM, and MitoTracker Orange CMTMRos (3 mM, 1 mM, and 0.5 mM respectively, in PBS) and incubating at 37 C for 2 h.
Spheroids were imaged using an automated confocal imaging system, the ImageXpress Micro Confocal system, with a 10Â PlanFluor objective. The method for staining spheroids and acquisition settings for spheroid assays were described previously in Sirenko et al. (2015 Sirenko et al. ( , 2016 Concentration-response analysis for individual compounds. For the initial characterization of the effects of neuromodulators and the first limited set of neurotoxic compounds, we used standard methods for EC 50 evaluation. EC 50 values for the limited set of compounds were determined using 4-parameter curve fits via the SoftMax Pro 6 Software (Molecular Devices LLC). However, because some toxic compounds had not led to complete inhibition of peak counts even at the limits of their solubility, a different statistical approach was used for analysis of concentration responses for screening the library for calculation of effective concentrations.
Concentration-response analysis for chemical library screening.
For quantitative toxicity profiling, we initially normalized phenotype and plate-specific readouts to their respective vehicle controls. Normalized data points were subsequently subjected to the Hill function fit using the model found in the tcpl R package (Filer et al., 2017; Grimm et al., 2015; Sirenko et al., 2013a) . Pointof-Departure (POD) values, herein defined as the concentration at which the fitted curve intersects three standard deviations above or below (depending on the phenotypic readout) the mean of the vehicle controls, were then derived from the curve parameters (Wignall et al., 2014) .
Assessment of assay variability. The integrity and replicability of all screening assays were assessed using a variety of quality controls. As a general measure for assay performance, we determined the coefficients of variation (%CV), herein defined as the ratio of one standard deviation and the means of the vehicle controls (n ¼ 24) for calcium oscillation phenotypes after 24 h; the same method was used to obtain %CV for cellular and mitochondrial toxicity phenotypes. The inter-plate and intra-plate replicabilities for control samples for all readouts were assessed using comparison between different wells in one plate or comparison of control samples from different plates. In addition, concentration-responses for decrease in peak rates were compared between 2 experiments for 8 representative compounds. Correlation coefficients between data were calculated for all readouts. Finally, when screening the chemical library, the experiment was conducted two times using two different lots of cells. Therefore, there were 2 technical replicates and 2 biological replicates. The chemical selection included a list of positive and negative controls for the various phenotypes measured in this study.
RESULTS
A schematic of the overall experimental approach is shown in Figure 1 .
Characterization of 3D Neural Cultures
The microBrain 3D neural culture platform comprises a 384-well plate with one spheroid per well ( Figure 2A ). Spheroid diameter was approximately 635 6 32 lm with a coefficient of variation across the plate of 5.2% (Supplementary Figure 2A) .
Staining of spheroids for MAP2 (Microtubule-associated protein 2) and GFAP (Glial fibrillary acidic protein) demonstrated that the neural network is composed of a balanced ratio of neurons and astrocytes ( Figure 2B ). Staining for Aquaporin 4 and Synapsin I markers confirmed the presence of these key neural markers in the system (Figs. 2C and 2D).
To further characterize neural identity, we performed qPCR analysis for a panel of ion channel and neurotransmitter receptor genes. Expression levels of 20 key neuronal genes in each of these categories are presented in Figures 3A and 3B . In addition, expression levels for the same genes are presented for a postmortem human brain sample (Figs. 3A and 3B).
Calcium Oscillation Measurements in 3D Neural Cultures
The basal activity of the spontaneous calcium oscillations in the 3D neural cultures was assessed using a kinetic highthroughput system (FLIPR Tetra system). The cortical spheroids produced measurable, strong, and consistent spontaneous calcium oscillations across all 384-wells (Supplementary Figs. 1 and 2). The calcium oscillations were also observed and recorded at higher resolution using imaging methods (Supplementary Figure 1) . Calcium oscillation patterns were analyzed using a variety of quantifiable readouts, including peak count, average peak amplitude, average peak spacing, and average peak width, as well as average rise and decay times (Supplementary Figure 3A) . Spheroid calcium signaling across the plate is shown in Supplementary Figure 2B . For baseline readings, without compound addition, the coefficient of variation for peak count was 17.8% across a representative 384-well plate (data not shown) indicating consistent performance between different wells.
Effects of test compounds on changes in the pattern of calcium oscillations can be characterized in more detail using six quantitative descriptors of intracellular Ca 2þ oscillations: peak count (for 10 min of recorded time), average peak amplitude, average peak width (at 10% of peak amplitude), average spacing between peaks, and peak rise and decay times (Supplementary Figure 3A) . A similar approach was used previously for evaluation of calcium oscillations (Grimm et al., 2015; Sirenko et al., 2013a,b) , and it was employed here to characterize and quantify the physiological responses of the neural platform in response to neurotoxic agents. It should be noted that we have not been able to demonstrate consistent and reproducible spontaneous calcium oscillations using similarly cultured cells in a 2D plate format (data not shown).
To compare calcium oscillations with electrical behavior, 3D neural cultures were collected from 384-well plates and replated onto a microelectrode array (MEA) (Axion Biosystems) for electrophysiology measurements. The observed synchronized oscillatory behavior shown by coordinated neuronal bursting on multiple electrodes corroborates the activity observed in the calcium-based assay. Compared with DMSO treatment, several neuromodulators inhibited neural activity at concentration ranges 30 mM. (Supplementary Figs. 3B and 3C ).
Evaluation of Functional Responses to a Selected Set of Compounds
To characterize the Ca 2þ oscillation assay in the 3D neural cultures for neurotoxicity using the FLIPR Tetra System, we tested responses of a set of 32 compounds at concentrations ranging from 0.1 to 30 lM (with some up to 100 lM), including 10 wellcharacterized neuroactive agents (Table 1) , 22 reported neurotoxic substances (Table 2) , and 2 negative controls. Abnormalities in the glutamate and GABA systems have been shown to lead to a variety of neurological disorders (Derecki et al., 2010; Whitehouse et al., 1982) . Effects of neuroactive compounds were recorded and evaluated after 60 min of exposure. This set of neuroactive reference compounds includes several glutamatergic and GABAergic agonists and antagonists (Beattie et al., 2000; Carroll et al., 2001) , as well as four pharmaceutical drugs: lidocaine, phenytoin, haloperidol, and lamotrigine (Goldsmith et al., 2003; Seeman, 2002; Sheu and Lederer, 1985; Zafar et al., 2012) .
Examples of Ca 2þ oscillation traces reflecting a diverse range of compound effects on 3D neural cultures are shown in Figure 4A . Concentration-response effects for peak count values are shown for selected compounds in Figure 4B . The calculated EC 50 values, calculated from concentration responses, are presented in Table 1 . Exposure to kainic acid, an agonist of the kainate receptor, produced an expected concentration-dependent pharmacological reaction indicating responsive stimulation of the excitatory glutamatergic system, as well as inhibition of the peak count above 3 mM ( Figure 4B ). One possibility for the observed inhibition at increased concentrations of kainic acid is the depletion of glutamate stocks at the synapses, or due to excessive activation of the glutamate receptors or glutamate receptor desensitization (P erez-G omez et al., 2018). Treatment with CNQX, a glutamatergic inhibitor and AMPA/kainate receptor antagonist, or MK-801, an antagonist of the NMDA receptor, also led to a concentration-dependent decrease in peak counts and an increase in the distance between peaks and peak regularity ( Figure 4B ). As anticipated, GABA and the GABA receptor agonist baclofen inhibited the frequency of calcium oscillations. Pharmaceutical drugs lidocaine or haloperidol also led to modulation of pattern and subsequent inhibition of calcium oscillations (Figs. 4A and 4B) . Tested neuroactive compounds demonstrated concentration-dependent activity, from which their half maximal concentrations (EC 50 ) were determined. Table 1 presents the calculated EC 50 values for compounds using the peak count readout and includes reference EC 50 values for the same compounds previously determined in other in vitro assays (Arvanov et al., 1997; Caeser et al., 1999; Chou et al., 2014; Coyne et al., 2007; Crawford and Young, 1988; Galvez et al., 2000; Goldsmith et al., 2003; Huettner and Bean, 1988; King et al., 1999; Larm et al., 1996; Lee et al., 2010; Login et al., 1998; McCool et al., 2003; Regan, 1996; Sheets and Hanck, 2003; Wong et al., 1986; Zhao et al., 2016) . The results indicated that the calcium oscillations of iPSC-derived 3D neural cultures were sensitive to the known modulators of neural activity, confirming a direct link between the spontaneous calcium oscillations observed and neuronal activity.
Next, we tested a set of 22 compounds, which were selected based on results of our previous study (Ryan et morphological neurite outgrowth assay for evaluation of neurotoxicity. Inhibition of neurite outgrowth is recognized as a neurotoxic event in humans and rodents, as well as in vitro (Krug et al., 2013) . Among the compounds were methyl mercury, rotenone, selected neurotoxic pesticides, flame retardants, and PAHs. Because toxic effects usually increase with prolonged exposure, we tested the effects of compounds using 3 different exposure times (1 h, 24 h, and 72 h) with independent plates for each timepoint. Concentration-response effects of compounds were determined in a range of concentrations from 0.03 to 100 mM.
Most of the tested compounds perturbed the patterns of calcium oscillations (Figure 5 ), whereas the negative controls, saccharin and leucine, demonstrated no adverse effect (not shown). Most of the compounds that inhibited the frequency of spontaneous oscillations also decreased the peak amplitude and increased distance between peaks, whereas some compounds completely suppressed the spontaneous oscillations at higher concentrations. A few compounds, including 1-ethyl-3-methylimidazolium diethylphosphate, benzopyrene, and dibenz(a,c)anthracene increased peak count only at high concentrations. EC 50 values for compound effects were calculated using peak count as readout ( Table 2) . Fourteen of the 22 tested compounds demonstrated effect at all 3 time-points, whereas several other compounds appeared to have an effect only after 24 h or 72 h. For some compounds, determination of EC 50 values was complicated by non-monotonous concentration-dependency 
Cellular and Mitochondrial Toxicity
Imaging methods were used to evaluate cell viability and mitochondria integrity to differentiate neuro-specific effects from general toxicity. Three-dimensional neural cultures were stained with viability dyes Calcein AM and MitoTracker Orange and nuclear dye Hoechst and imaged as described in the Materials and Methods section ( Figure 6 ). Following image capture of 3D neural cultures, automated image analysis was performed for counting and characterization of cells in projection images ( Supplementary Figs. 4 and 5). Compounds were tested over a concentration series ranging from 0.03 to 300 mM, for 3 different time points. Notably, none of the compounds from the list of neuroactive compounds (Table 1) showed significantly affected cell viability or mitochondria integrity after a 1 h exposure (data not shown). From the list of selected neurotoxic compounds only dieldrin and 2,2 0 ,4,4 0 ,5-pentabromodiphenyl ether (BDE-99) demonstrated a toxicity effect after 1 h of exposure.
After 24 h and 72 h exposures, additional compounds, including berberine chloride, dieldrin, valinomycin, triphenyl phosphate, rotenone, methyl mercury, and lead, inhibited cell viability, as reflected by decreases in the appropriate cell numbers as compared with control samples ( Figure 6 , Table 2 ). The determination of EC 50 values for viability markers was complicated due to the fact that most of the cytotoxicity effects were only observed at the highest concentration, 100 mM. Notably, EC 50 values for the functional effects of most compounds, except lead, were having EC 50 <10Â lower than the estimated EC 50 values for cytotoxicity.
Assay Variability
Another aspect of assay optimization is the evaluation of variability among endpoints related to calcium oscillations. As such, variability was assessed for different endpoints on interand intra-plate bases. We determined coefficients of variation (%CV) for control samples for each of the eight measurements ( Figure 7 ) across 3 experiments. Overall, %CV values were lower than 20% for most measurements, with only one phenotype, peak rise time, exhibiting higher levels of variability (35.6%; Figure 7A ). Coefficients of variance measured for various experiments are presented in Figure 7B and Supplementary Figure 6A . Inter-plate replicability was evaluated using quantitative comparison of data from different plates. Furthermore, the calculated concentration-responses for peak counts for 8 of the tested compounds were similar for 2 different plates ( Figure 7C ). The Pearson correlation coefficients comparing intra-plate data ranged from 0.71 for viability to 0.9 and 0.93 for peak count and peak amplitude, respectively. The Pearson correlation coefficients comparing inter-plate data ranged from 0.71 for peak rise to 0.84 and 0.86 for peak count and amplitude, respectively (Supplementary Figure 6B) . In all cases, the correlation was significant (p < .0001).
Screening Chemical Library
As a next step, we used the method described above to evaluate a larger set of chemicals. The diversity of the chemical library was evaluated previously using principal component analysis based on 153 selected in silico-derived physicochemical descriptors (Sirenko et al., 2017) . Effects of compounds on peak count, width, and spacing, as well as average peak rise and decay times were determined in concentration-response using a range from 0.3 to 100 mM, with a few exceptions due to solubility. Chemicals were screened as duplicates after 24 h of compound exposure (Figure 8 ). Twenty-four control wells were used per plate to estimate the variance for vehicle-only treated cells. Vehicle controls did not differ significantly from untreated, media-only wells. Two independent experiments were performed on different days using the same protocol, reagents, and instruments but with different lots of 3D neural cultures as well as different sets of compound dilutions. A subset of normalized data for peak count and viability measurements is presented in Figure 8 . The oscillatory behavior of the 3D neural cultures exposed to compounds was segregated according to the sub-categories for drugs, pesticides, flame retardants, polyaromatic hydrocarbons, and the group of compounds labeled as industrial, which includes metals and additional chemicals. The full data set for the different readouts, raw data and normalized data, are included in Supplementary Pearson correlation between experiments was r ¼ 0.987 p < .0001, Spearman correlation r ¼ 1.000, p < .0001.
readouts exhibited considerable concordance between the experiments, both without treatment and upon exposure to compounds (Figure 8, Supplementary Table 2 ). There was a significant correlation in the measured values, patterns of compound effects, and concentration-responses. Forty-seven compounds demonstrated responses that were 3 standard deviations or more from the averaged measurements from control wells in two-independent experiments. Five compounds (PAHs) also had responses greater than 3 standard deviations from control but only in the first experiment.
Comparative analysis of normalized concentration-response data revealed that the negative controls saccharin, acetaminophen, and acetic acid did not result in alterations of intracellular Ca 2þ oscillations. However, many of the tested chemicals affected the pattern of calcium oscillations in a concentrationdependent manner (Figure 8 ). The positive controls methyl mercury, rotenone and valinomycin strongly inhibited calcium oscillations at the lowest doses (0.3-1 mM). Also, the pesticides dichlorodiphenyltrichloroethane (DDT), deltamethrin, dieldrin, and permethrin exhibited strong negative chronotropic effects at concentrations from 3 to 10 mM. Other pesticides including heptachlor and carbamic acid were capable of affecting oscillation patterns at higher concentrations (100 mM). Flame retardants, including triphenyl phosphate, phenol isopropylated phosphate (3:1), 2-ethylhexyl diphenyl phosphate, 2,2 0 ,4,4 0 ,5-pentabromodiphenyl ether, and 2,2 0 ,4,4 0 -tetrabromodiphenyl ether, represented another group of chemicals with pronounced physiologic effects at concentrations exceeding 10 mM. Interestingly, for some compounds, peak count increase was observed along with decreased amplitude, preceding the decrease in peak rate or stopping oscillations. Several PAHs including acenaphthene, acenaphthylene, 4-H-cyclopenta (d,e,f)phenanthrene, fluorene, pyrene, anthracene, benz(a)-anthrancene, benzo(e)pyrene, benzo(k)fluoranthene, and benzo(b)fluoranthene moderately increased the peak frequency, with a stronger effect seen in Experiment 1. This group demonstrated the most discrepancies between the two experiments, whereas effects of other compounds were consistent between both experiments. Some drugs and substances including berberine chloride, 1-methyl-4-phenypyridinium (MPPþ), and diazepam had significant effects on oscillation patterns, as did the hexachlorophene and several bisphenols. A number of the tested chemicals exhibited a hormesis-like concentration-response pattern with initial increases in the oscillation peak frequency followed by a sudden inhibition of calcium oscillations. Examples include the pesticides parathion, phenol isopropylated phosphate (3:1), auramine O, 2-ethylhexyl diphenyl phosphate (EHDP), and 2,2 0 ,4,4 0 ,5-pentabromodiphenyl ether.
We noted that only a few tested compounds had effects on cell viability or mitochondria integrity after 24 h. Those include 2-ethylhexyl-2,3,4,5-tetrabromobenzoate, 2,2 0 ,4,4 0 ,5-pentabromodiphenyl ether, bis(2-ethylhexyl) 3,4,5,6-tetrabromophthalate, dieldrin, hexachlorophene, rotenone, valinomycin, and deltamethrin, as well as the group of PAHs. For these chemicals, decreases in peak frequencies occurred at lower concentrations than reduced cell viability indicating that modulation of calcium oscillation may be a more sensitive indicator of neuronal toxicity.
A number of tested compounds in this library did not elicit significant effects on intracellular Ca 2þ oscillations at the tested concentrations. These included mostly drugs (ie, phenobarbital, 5-fluorouracil, acetylsalicylic acid, valproic acid, and thalidomide) and also some PAHs (eg, naphthalene, benzo(e)pyrene, and benzo[g,h,i]perylene), pesticides (eg, aldicarb, captan, and chrysene), and a flame retardant (tris(2-chloroethyl) phosphate), as well as acrylamide, colchicine, and several other compounds.
Analysis of the Concentration-Responses
For the screening library, concentration-responses data were analyzed using the BMCs instead of the EC 50 values (see the Materials and Methods section). Concentration-response data were fit to a four-parameter maximum-likelihood Hill model as described previously in Reif et al. (2013) , Ryan et al. (2016) , Sirenko et al. (2017), and Wignall et al. (2014) . In accordance with the US EPA guidance for dose-response modeling (EPA, 2012) and determination of POD values, we selected a three standard deviation departure from the control mean as the BMC from which a POD was derived. If the maximum response did not reach this level in the concentration range tested, the 'no observable adverse effect level' was recorded as 100 mM, reflecting the highest concentration used in the respective assay. If the effect was observed at lowest dose tested, the lowest dose tested (0.3 mM) was considered as POD (or BMC-benchmark concentration). Identical curve fitting and BMC derivation procedures were applied to all chemicals and phenotypes collected. Figure 9A presents ranking of chemicals according for their toxic effects, using peak count for ranking determination. The peak count was chosen for compound ranking because of its lowest variability, highest reproducibility, and ease of visualization. The BMC values for other readouts are also presented in the same figure. The numeric data are presented in Supplementary Table 3 .
BMC Values and Compound Selectivity
To determine whether the observed physiologic effects were findings related to neurotoxicity or due to non-specific cytotoxicity, we quantified the degree of specificity to parameter changes using a calculated selectivity score (SS). This score is defined as the ratio between a POD for a specific neurophysiologic phenotype, such as peak count, and the associated cell viability (ie, POD cell viability /POD Ca2þ-oscillation readout ). An increased SS is equivalent to increased neurotoxic specificity. Herein, we defined a compound as 'selective' if there was at least one log10 or greater ($3 fold) difference between neurophysiologic and cytotoxic responses (SS ! 3), which corresponds to a difference of at least one compound dilution step. The estimated POD (BMC-benchmark concentration) values and calculated ratios for each compound are summarized in Supplementary Table 3 . In cases when a BMC for viability could not be computed because the viability response was less than 3 standard deviations from the control, a nominal BMC of 100 lM was used as the viability BMC in the selectivity calculation.
In total, 47 of the 82 tested chemicals (57%, excluding negative controls that showed no effect) were associated with POD Ca 2þ oscillation values lower than 100 lM after 24 h of exposure. Considering the low observed cytotoxicity at this point (only few chemicals with an associated POD cell viability below 30 mM), 27 of these compounds fulfilled the above defined criteria for neurotoxic selectivity. Figure 9B illustrates the list and ranking for 'selective' neurotoxic compounds by lowest BMC. BMCs as well as selectivity scores are presented in Supplementary Table 3 .
Variability of Screening Data
In addition to the qualitative comparison, assay variability was assessed for different measurements on inter-and intra-plate bases. The inter-plate replicability was evaluated using quantitative comparison of data from two-independent experiments. Correlation analysis for inter-plate raw values for peak count, amplitude, and viability (Calcein AM) revealed Pearson r values of 0.9, 0.9, and 0.84, respectively (Supplementary Figure 7) , whereas for other readouts (peak rise, decay times, spacing) the correlation coefficients were lower (>0.5), reflecting the increased complexity and higher variability of those readouts. A similar trend was observed for Spearman coefficients (values ranged from 0.88, 0.91 for peak count and amplitude to 0.68 for spacing). When comparing the data across 2 experiments, despite the fact that experiments were performed using different batches of 3D neural culture 384-well plates, correlation analysis for inter-plate normalized values for peak count, amplitude, and peak width revealed high Pearson correlation r values of 0.92, 0.93, and 0.77, respectively (Supplementary Figs. 7 and 8) . For other readouts (peak rise, decay times, spacing) the correlation coefficients were <0.5, with the lowest value for peak decay times. For Spearman coefficients, values were relatively higher and ranged from 0.87 and 0.89 for peak count and amplitude, respectively, to 0.6 for peak spacing (Supplementary Figure 8) .
DISCUSSION
Development of novel in vitro approaches for rapid toxicity testing and dose-response analysis of chemicals is an active area of investigation (Judson et al., 2009a,b; Tice et al., 2013) . Human iPSC-derived cell types, including neurons, have become increasingly attractive as in vitro systems for both toxicity evaluation and mechanistic studies due to their physiological relevance in comparison to transformed cell lines and greater supply as compared with primary cells (Acimovic et al., 2014; Verstraelen et al., 2014; Anson et al., 2011; Mordwinkin et al., 2013; Sinnecker et al., 2014; Suter-Dick et al., 2015) . Furthermore, combining iPSC-derived human cell types with 3D culture formats has the potential to generate even more relevant model systems for analyzing the pathogenesis and progression of diseases, evaluating drug treatments, and advancing the understanding of complexity of tissue biology (Khademhosseini et al., 2006; Kunz-Schughart et al., 2004; Tirrell, 2004 Kijanska, and . 3D cultures are believed to have the advantage of closely recapitulating important attributes of tissues including architecture, cell organization, cell-cell and cellmatrix interactions, and more physiologically relevant diffusion characteristics. Several studies have indicated the presence of a more mature phenotype on 3D versus 2D cultures including cell morphology, neuronal activity, pharmacological responses, and gene expression profiles specific for maturity (Camp et al., 2015; Luo et al., 2016; Renner et al., 2017) . Importantly, the significant advantage of the 3D system used in this study was the highly homogenous calcium signal achieved across the plate and between different plates and batches. We hypothesized that the confined 3D space may provide a more homogenous differentiation environment reducing the variability commonly observed with iPSC-derived neural 2D cultures (data not shown).
Under normal physiologic conditions, calcium signaling within the brain affects intracellular function, action potentials (ie, neuronal activity), and communication between cells (ie, neurons and astrocytes). Dysregulation of calcium signaling could have deleterious consequences leading to necrosis or disease progression and has been indicated as one of the earlystage processes in the pathogenesis of neurodegenerative diseases (Bezprozvanny, 2010; Magi et al., 2016) . Although intracellular calcium levels in the nervous system are difficult to monitor in animal models, newer in vitro platforms are emerging that may be able to detect chemical-mediated effects of calcium regulation in real time (Duff Davis and Schmidt, 2000) .
In this study, we characterized kinetic and confocal imaging methods that are compatible with automated instruments and demonstrated the potential utility of human iPSC-derived 3D neural spheroid cultures for toxicity screening. We focused on optimizing an intracellular Ca 2þ oscillation assay in 3D neural cultures and on generating high-resolution imaging methods that allow for the characterization of morphological changes. Also, we showed that multi-parameter functional and morphological analysis of calcium oscillations delivers informative readouts that enable screening for deleterious effects of test compounds on neuronal function. However, the biological effects maybe more complex, because calcium is also known to promote plasticity and adaptive changes (Clemens and Johnston, 2014) . Finally, we showed that cell morphology and viability can also be used as a screening assay in these cultures to interrogate neurotoxicity (Beattie et al., 2000; Carroll et al., 2001; Choi et al., 1988) . It should be noted that, whereas we propose a workflow for the assays, alternative instruments and reagents can potentially be used for recording and analysis of calcium oscillations, viability assessment, or high content imaging (eg, FDSS, Hamamatsu, Japan; Opera Phenix, PerkinElmer, MA; FlexStation 3, Molecular Devices), but the methods may need to be adjusted for other platforms. Whereas detailed characterization of responses to various agonists and antagonists was out of the scope of this study, here, we demonstrated sensitivity of the assay to neuroactive substances and known neurotoxic compounds. Furthermore, a time-course for toxicity effects was evaluated with a selected set of known neurotoxic compounds. Effects on calcium oscillations increased with time for many compounds, which is consistent with the assumption that longer exposures may cause greater toxicity effects.
Following assay characterization, we screened a library of 87 chemicals that included four major chemical classes with agents of known or suspected neurotoxic potential, including pesticides (Dingemans et al., 2011; Gao et al., 2002; Hassenklö ver et al., 2006; Abou-Donia 2003; Hendriks and Westerink, 2015; Jang et al., 2015; Ryan et al., 2016; Tang et al., 2003) , flame retardants (Flaskos, 2012; Hassenklö ver et al., 2006; Lema et al., 2007) , PAHs (Billiard et al., 2006; Burstyn et al., 2005) , and drugs (Li et al., 2001) as well as compounds with unknown neurotoxic potential, and 5 negative controls. More than half of the tested compounds, 47 out of 82 (57%, excluding controls), demonstrated concentration-dependent perturbation of the calcium oscillation patterns, which we propose as a screening phenotype for neurotoxicity (Figure 10 ). Among those, 14 (out of 16) that tested positive were pesticides, and 14 (out of 19) were flame retardants. Notably, out of the 82 compounds 38 have previously been classified as DNT/NT by other assays in the literature (Behl et al., in preparation) , and of those 38, 24 compounds tested positive in the assay. Most of the known neurotoxic pesticides were active in the assay (12 out of 14). The known neurotoxic mechanisms of action for pesticides include acetylcholinesterase inhibitors (eg, organophosphate or carbamate insecticides), sodium channel modulators (eg, Type I and II pyrethroids), chloride channel modulators (organochlorine insecticides), or redox cyclers (eg, bipyridyl herbicides) whereas some classes have uncharacterized mechanisms (Bjørling-Poulsen et al., 2008; Deshpande et al., 2016) . Even though calcium is not typically a direct target of most pesticides, its dysregulation following exposure has been reported with organophosphates such as chlorpyrifos (Meijer et al., 2015) , organochlorines such as lindane and dieldrin (Hendriks and Westerink 2015; Heusinkveld et al., 2010) , or pyrethroids such as deltamethrin (Bjørling-Poulsen et al., 2008) , which were examined in this study. Only half of the drugs that have been reported as known neurotoxicants tested as positive in this assay. Some of the reasons might be the lack of proper metabolism (6-propyl-2-thiouracil), a mechanism of action that includes cell proliferation (5-FU, colchicine, hydroxyurea), or the need for longer exposure. There were marginal effects of lead, hexane, toluene, chlorpyrifos, and thalidomide that were not statistically significant. The marginal effects of toluene and hexane may be partially explained by volatility concerns associated with these compounds. Thalidomide is also better known as a developmental toxicant although DNT effects have been noted (Qin et al., 2012; Vorhees et al., 2001) . However, because mechanistically, thalidomide is known to affect embryogenesis at a critical stage of development, mainly through angiogenesis (Vargesson, 2015) , it is not surprising that its effects are not captured in this assay.
Our results are generally concordant with reports describing the neurotoxicity potential for a number of compounds (eg, berberine chloride [Yan et al., 2015] , valinomycin [Vogel and Sperelakis, 1978] , tetraethylthiuram disulfide [Lee and Peters, 1976; Travis et al., 2014] , diethylstilbestrol [Martinez et al., 2001] ). In addition, compounds with unknown neurotoxic potential including 14 of the 19 flame retardants were captured by this assay (Figure 10 ). Flame retardants are used worldwide, and many have been postulated to be neurotoxic through varied mechanisms. Organophosphate flame retardants such as triphenyl phosphate are suggested cause neurotoxicity similar to other acetylcholinesterase inhibitors , although reports suggest that these compounds can also alter intracellular calcium (Abou-Donia, 2003). Brominated flame retardants including tetrabromobisphenol-A have been reported to cause toxicity through multiple mechanisms including inhibition of voltage-gated calcium channels (Hendriks et al., 2012) . Results from this assay, coupled with recent preliminary evidence suggesting that these compounds demonstrate neurotoxicity in vitro and in alternate models Dishaw et al., 2014; Jarema et al., 2015) , point towards the need for further indepth hazard characterization of these compounds. Whereas the mechanisms of action for the effects of some compounds are known, eg inhibition of GABA and AMPA receptors or ion channels resulting in inhibition of neuronal activation (Bloomquist, 1996; Casida, 1993; Ffrench-Constant et al., 2016) , for most environmental chemicals, the mechanisms are unknown or not clearly defined. These mechanisms may include effects on ion channels (Narahashi, 1996) , the GABA A receptor chloride channel complex (Ogata et al., 1988) , and voltage-dependent Ca 2þ currents (Hassenklö ver et al., 2006) .
Although a thorough mechanistic evaluation of the chemicals included in the screening library was not within the scope of this study, it would be reasonable to hypothesize that interference with ion channels may at least partially contribute to the increase or decrease in the peak frequency observed in the Ca 2þ oscillation measurements. In contrast to the functional Ca 2þ oscillation results in which compound effects were readily detected, the high content imaging-based morphology/cell viability assay detected a substantial loss of cell viability only for a subset of compounds (19 of the 87) that were tested after exposure for 24 h of treatment. This observation indicates that changes in Ca 2þ oscillations can be evaluated as a specific effect related to neurotoxicity compared with non-specific effects on cell viability that occur later. A limitation of the assay approach for evaluation of neurotoxicity is similar to most in vitro assays in that there is a lack of organ-like metabolism. However, the developing ability to link organ-specific systems together makes it likely that this limitation will be overcome in the near future. Another limitation is the fact that Ca 2þ oscillation is not a direct measure for neuronal electrophysiology. Nonetheless, our data demonstrate its value as a functional screening assay for potential chemicalmediated neurotoxic effects. In addition, iPSC-derived cells resemble fetal rather than adult neurons, however this fact potentially can be considered for evaluation of developmental neurotoxicity (Luo et al., 2016) . Another limitation of this work is that In vitro models in general, as well as one presented herein, are not able to replicate the complete array of the types of neurotoxicity that can be detected in vivo. Whereas the effects of the test compounds on calcium flux that we observed can be interpreted relative to general cytotoxicity, as recommended by Judson et al. (2009b) , this model would not likely detect effects on axon myelination, effects on neuroglia, mechanisms of synaptic transmission of neurotransmitters, and other important effects that may result in neurotoxicity. Despite these limitations, currently available iPSC-derived neurons have clearly proven their utility and in predicting chemical-induced neuronal functional and toxicity phenotypes and are widely accepted as useful screening tools (Acimovic et al., 2014; Anson et al., 2011; Choi et al., 2014; Jorfi et al., 2018) . To our knowledge, this is the first study to characterize calcium oscillations in a spontaneous, synchronized 3D human iPSC-based high-throughput organotypic model as a screening tool for neurotoxicity. It is a comprehensive evaluation of a diverse set of environmental toxicants in a novel human neural 3D culture model that not only has utility for neurotoxicity screening but also potentially for drug safety evaluation.
Neurotoxicity testing is an unmet need in the current screening program of environmental chemicals, and this study demonstrates that 3D neural co-culture platforms are a robust, reproducible, and informative high-throughput platform that can be incorporated into the Tox21 program (https://ntp.niehs.nih.gov/ results/tox21/researchphases/index.html) or other similar efforts. We demonstrate that the multiplexing of several independent read-outs enables selectivity of the effects with respect to neuronal function. Finally, the multiplexed analysis and concentration-response profiling allows for ranking of compounds and the ultimate use of these data in risk-based evaluations by comparing the in vitro effects of chemicals with human exposure levels (Wambaugh et al., 2015) as well as for prioritization for further in vitro and in vivo toxicology studies. Some future studies include comparing the sensitivity of calcium signaling in this model with other non-neural models to address specificity to the nervous system. Whereas we recognize that calcium signaling is only one aspect of capturing effects related to neurotoxicity, we envision that this model, combined with other screening assays (Behl et al., in preparation; Harrill et al., 2013) could serve as a powerful path forward to identify environmental compounds with unknown neurotoxic potential.
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